Human altruism shaped our evolutionary history and pervades social and political life. There are, however, enormous individual differences in altruism. Some people are almost completely selfish, while others display strong altruism, and the factors behind this heterogeneity are only poorly understood. We examine the neuroanatomical basis of these differences with voxel-based morphometry and show that gray matter (GM) volume in the right temporoparietal junction (TPJ) is strongly associated with both individuals' altruism and the individual-specific conditions under which this brain region is recruited during altruistic decision making. Thus, individual differences in GM volume in TPJ not only translate into individual differences in the general propensity to behave altruistically, but they also create a link between brain structure and brain function by indicating the conditions under which individuals are likely to recruit this region when they face a conflict between altruistic and selfish acts.
INTRODUCTION
Altruistic acts involve costs for the actor and benefits for another individual. Altruism in most animal species is directed toward genetically related individuals (Hamilton, 1964) . In contrast, human altruism goes far beyond helping kin. A significant number of people help strangers and reciprocate favors even when they do not know their interaction partners and will never meet them again (Camerer, 2003; Henrich et al., 2005) . Human history has repeatedly shown that some people are even willing to risk their lives in order to contribute to some of the most important public goods-democracy and liberty. However, there is also enormous individual heterogeneity in human altruism, and the sources of individual variation are still very poorly understood. Typically, more traditional variables such as individuals' gender, income, wealth, or education have shown little predictive power (Camerer, 2003; Henrich et al., 2005) , and neurobiological variables have only rarely been used as predictors of individual differences in altruism (de Quervain et al., 2004; Harbaugh et al., 2007; Hare et al., 2010; Moll et al., 2006; Tricomi et al., 2010) . Recent applications of brain morphometry indicate that individual differences in brain structure can be useful in understanding individual differences in traits and skills (Kanai and Rees, 2011) . We therefore conjectured that variables reflecting relatively stable neuroanatomical individual differencessuch as gray matter (GM) volume-may help predict individual differences in altruism.
In humans, altruism is likely to be related to perspective taking, i.e., the ability to take other individuals' perspectives into account. In fact, developmental data suggest that preschoolers who have already acquired theory of mind skills behave more prosocially (Takagishi et al., 2010) , and experiments with adults indicate that subjects with better skills in reading others' mental states show more altruistic behavior (Underwood and Moore, 1982) . One brain region that has been repeatedly and reliably found to be implicated in tasks requiring the ability to represent and understand others' perspectives is the temporoparietal junction (TPJ) (Decety and Lamm, 2007; Frith and Frith, 2007; Ruby and Decety, 2001; Saxe and Kanwisher, 2003; Young et al., 2010) . We therefore hypothesized that GM volume in the TPJ may provide a neuroanatomical basis for individual differences in human altruism.
Research on human social preferences provides behavioral (Bolton and Ockenfels, 2000; Charness and Rabin, 2002; Fehr and Schmidt, 1999) and neural (Tricomi et al., 2010) evidence that other-regarding behaviors and motives depend on the initial payoff allocation between the subject and the subject's partner. In particular, if subjects have a lower initial payoff than their partner (''disadvantageous initial inequality''), they are much less willing to behave altruistically toward the partner compared to a situation with advantageous initial inequality (i.e., when the subject has a higher initial payoff than the partner). In fact, some individuals even reduce the partner's payoff if possible if the latter has a higher initial payoff. In view of the radically different propensities for behaving altruistically in the domain of advantageous and disadvantageous inequality, it may be possible that the neuroanatomical basis for human altruism is not identical across these domains.
In the present study, subjects had to allocate money between themselves and anonymous partners (Figure 1 ; task description in Experimental Procedures) in a series of binary choice problems. In each trial, subjects faced a binary choice in which they could increase or decrease the partner's monetary payoff. The subjects' cost of changing the partners' payoff varied across trials, so that the observed-across-trial behaviors enable us to estimate parameters that reflect each subject's preference for altruistic behavior (see Supplemental Information available online). We then used voxel-based morphometry (VBM) to examine the correlation between brain structure-in terms of relative gray matter volume-and subjects' behavioral preferences for altruism. We conjectured that gray matter volume in the TPJ might reflect subjects' preferences for altruism and that this fact, if true, could help us understand the link between brain structure and brain activation in TPJ-measured by functional magnetic resonance imaging (fMRI)-during the behavioral task. We used dictator (A) and reciprocity (B and C) games to estimate subjects' social preference parameters. Subjects in the dictator game faced many decision problems in which they had to choose one of two payoff allocations (''options'') that assigned money to the subject (person A) and an anonymous partner (person B). For example, the subject in the decision problem presented in (A) could make an altruistic choice (i.e., option Y) that increases B's payoff at a cost to subject A. The subjects were asked to make a decision by pressing the relevant button within 10 s, otherwise the screen moved to the intertrial interval. The actual decision time, after the decision screen appeared, was 2.5 s on average. In the reciprocity games, person B could make an altruistic or a selfish decision by choosing option Z or by letting person A make the choice between X and Y. We asked the subject (player A) how she/he would behave if the other participant (player B) gave up option Z and then allowed player A to choose option X or Y. In the positive reciprocity trials (B), the amount player A earns in both option X and Y is larger than the amount she would earn in option Z, implying that B's decision to give up option Z is an altruistic act toward player A. Thus, if player A has a preference for positive reciprocity, she will reward B's behavior with an altruistic choice, i.e., A will choose the option between X and Y that gives B a higher payoff. In the negative reciprocity trials (C), the amount that player A earns in both options X and Y is less than what she earns in option Z, implying that B's decision to give up option Z is a selfish act toward player A. Thus, if player A has a preference for negative reciprocity, she will sanction B's behavior by choosing the option between X and Y that gives a lower payoff to B. As in the dictator game, subjects were asked to make a decision within 10 s, otherwise the screen moved to the intertrial interval. The actual decision time in a reciprocity game after the decision screen appeared was 2.7 s on average.
RESULTS

Heterogeneous Preferences for Altruistic Behaviors
Our study is based on behavioral experiments (n = 30) and a mathematical model of social preferences that enabled us to simultaneously estimate a preference parameter a for each individual, which measures the subject's preferences for altruistic acts in the domain of disadvantageous inequality, and a parameter b, which measures preferences for altruism in the domain of advantageous inequality. A positive value of a means that the subject has a preference for increasing the partner's material payoff in the domain of disadvantageous inequality, while a negative value of a means that the subject prefers reducing the partner's material payoff in this situation; a similar interpretation applies to the b parameter, except that it informs us about the subject's preference in the domain of advantageous inequality. On average, a (mean 0.085, t(28) = 4.06, p = 0.004) and b (mean 0.275, t(28) = 6.39, p < 0.0001) are significantly positive, and there is considerable individual variation ( Figure 2 ). Both parameters are positively correlated, albeit the correlation falls just short of statistical significance (r = 0.29, p = 0.11). Interestingly, altruism in the domain of advantageous inequality (b) is significantly higher than altruism in the domain of disadvantageous inequality (a, t(28) = 4.52, p = 0.0001). This indicates that participants are more willing to behave altruistically if altruistic acts decrease inequality (in the advantageous situation) rather than increase inequality (in the disadvantageous situation), suggesting that fairness concerns affect the motivation for altruistic acts.
Gray Matter Volume in the Right TPJ Predicts the General Propensity for Altruistic Acts
To identify possible neurobiological determinants of preferences for altruistic behavior, we used VBM analyses to identify brain regions where local GM volume is significantly correlated with the preference parameters a and b. We find that GM volume in the right TPJ displays a strong positive correlation with b, our preference measure of altruism in the domain of advantageous inequality (t = 5.94, p < 0.05, voxelwise whole-brain familywise error [FWE] corrected) ( Figure 3A ), while we observe no correlation with preferences for altruism in the domain of disadvantageous inequality a (p > 0.05, uncorrected). Moreover, a whole-brain analysis shows that no other brain region is (whole-brain FWE corrected) significantly correlated with b (Table  S2) . If we define a region of interest (ROI) based on previous imaging studies implicating the right TPJ (centered at [x, y, z] = [54, À54, 24], see Experimental Procedures) and compute the correlation between GM volume and b, we also obtain a high and significant correlation ( Figure 3B , r = 0.61, p < 0.001), while preferences for altruism in the domain of disadvantageous inequality a are uncorrelated with GM volume ( Figure 3C , r = À0.01, p = 0.95). These results suggest a specific role of the TPJ in altruistic behaviors in the domain of advantageous inequality.
In addition to measuring the baseline levels of altruistic preferences in the domain of advantageous and disadvantageous inequality, our behavioral experiments also enable us to measure preferences for positive and negative reciprocity (Supplemental Information). Based on models of reciprocity developed in economics (Dufwenberg and Kirchsteiger, 2004; Falk and Fischbacher, 2006; Rabin, 1993) , we define positive reciprocity as the motive to respond in a kind manner to acts that are perceived as kind. In contrast, negative reciprocity is defined as the motive to respond in a hostile manner to acts that are perceived as hostile. According to this notion of reciprocity, individuals who are motivated by reciprocity are willing to behave reciprocally even if the reciprocal act is associated with a net cost for the acting party, i.e., even if there are no future material benefits that outweigh the cost of the reciprocal action. Thus, positive reciprocity means that a subject responds altruistically (i.e., increases the partner's payoff at his own cost) to an action of the partner that is perceived as kind relative to a neutral action; negative reciprocity means that a subject decreases a partner's payoff at his own cost in response to an action that is perceived to be hostile relative to a neutral action. We embed the notion of intention-based reciprocity into our model of social preferences that is based on Charness and Rabin (2002) and Fehr and Schmidt (1999) . In our extended model, we measure an individual's preferences for positive reciprocity with parameter q, while parameter d represents preferences for negative reciprocity.
Interestingly, neither q nor d is significantly correlated with TPJ GM volume ( Figures 3D and 3E ) or with any other brain region (Table S2) , which further supports the specificity of our finding for baseline altruism in the domain of advantageous inequality. We also conducted a multiple regression analysis to examine the robustness of the association between TPJ GM volume and b while controlling for all other preference parameters (a, d, q), as well as for age, gender, political attitude, and autistic traits. Again, b is highly significant (p = 0.004, Table S3 ), while no other preference parameters are significantly correlated (all p > 0.5) with TPJ GM volume. Even if we search for individual voxels within the ROI that show a correlation between GM and the preference parameters (a, d, q), no correlations emerge. GM volume is uncorrelated with preferences for altruism in Finally, note that all our results are robust to the exclusion of the participant with extreme values of b and a (top left data point in Figure 2 ). When we repeat the analyses without the data from this participant, our main findings remain the same: using the independent ROI specified above, b correlates significantly (r = 0.57, p = 0.0013) with TPJ GM volume, while all other parameters do not (p > 0.10).
Functional TPJ Activation Reflects the IndividualSpecific Willingness to Pay for an Altruistic Act These findings suggest that GM volume in TPJ may be a crucial neuroanatomical basis for subjects' baseline willingness to behave altruistically because the preference parameter b determines a subject's generosity in the domain of advantageous inequality. This parameter determines, in particular, the maximal cost (denoted by w) a subject is willing to bear to increase the partner's payoff by a given amount (say by one unit). The higher b, the higher the subject's maximum willingness to pay w to increase the partner's payoff by one unit (see Figure S2) . Therefore, subjects with a high b are generally willing to consider behaving altruistically for a much larger range of costly altruistic actions than those with a low value of b. In other words, if the costs of an altruistic act are relatively high, a subject with a relatively high value of b is still willing to consider behaving altruistically, while a subject with a low value of b will behave selfishly in this situation. This means that w represents a subject-specific cutoff value such that if the actual cost of the altruistic act is below w, the subject will consider making an altruistic choice, while the subject behaves selfishly if the actual cost is above w.
This insight about the role of b (and the implied role of w), together with the known functional role of the TPJ in perspective-taking tasks (Decety and Lamm, 2007; Frith and Frith, 2007; Saxe and Kanwisher, 2003; Young et al., 2010) , can help us establish a link between GM volume in the TPJ and functional activations in TPJ during decision making in our task (in which subjects faced many different cost levels across trials). A high value of b implies a high maximum willingness to pay w, meaning that the correlation between GM volume in right TPJ and b should translate into a correlation between GM volume and w (see Figure 4A ). In addition, taking the other individual's perspective seems particularly necessary in those cost situations in which a subject is in principle willing to behave altruistically (i.e., when the actual cost is below w) but in which self-interest provides a strong obstacle for altruistic acts because the cost is close to w. In contrast, less perspective taking seems necessary in those situations in which the participant will behave selfishly anyway (i.e., when the actual cost is above w) or in which self-interest is no strong obstacle to behaving altruistically because the costs of altruistic acts is far below w. We can thus predict an inverted U-shaped TPJ activation (in the domain of advantageous inequality) as a function of an individual's w, with a peak at the cost level that is just below the maximally acceptable cost w. Figure 3A ) indeed follows such an activity profile, with the strongest activation for those situations in which the cost of an altruistic act is just below an individual's w. Our results thus indicate that GM volume in TPJ is associated with both subjects' baseline altruism as measured by b and subject-specific functional activity profiles in the TPJ. In other words, GM volume in TPJ correlates with the general propensity to behave altruistically in the domain of advantageous inequality ( Figures 3A and 3B ), which in turn determines the individual-specific cutoff value of the maximum willingness to pay w ( Figure 4A ). The subjectspecific value of w then determines the cost level for altruistic acts at which the peak of functional brain activation in TPJ occurs ( Figures 4B and 4C) , which concludes the link between brain structure (as measured by GM volume in right TPJ), individual behavioral tendencies, and patterns of functional brain activity in right TPJ.
DISCUSSION
The present study demonstrates a link between neuroanatomical brain structure and human altruism: GM volume in the right TPJ, an area that has been shown to be implicated in perspective-taking tasks, is strongly associated with individuals' behavioral altruism in situations of advantageous inequality. These data also provide a plausible biological account of the stability of altruistic preferences. Previous research has documented that individuals' propensity for altruism is relatively stable across time, but these studies did not provide any biological basis for this temporal stability (Benz and Meier, 2008; Van Lange, 1999 ). The present study shows that anatomical structure, which does not change over short periods of time, can account for the strong heterogeneity in individuals' preferences for altruistic acts.
Furthermore, the link between GM volume in TPJ and subjects' preferences for altruism also provides insights into the individual-specific conditions under which brain activity in TPJ is recruited when subjects face a tradeoff between economic self-interest and other people's interests. We hypothesized, in particular, that functional brain activation in the right TPJ is highest when the cost of the altruistic act is just below an individual's maximum willingness to pay for the altruistic act, while activation in right TPJ is low when the actual costs exceed or are far below the individual's maximum willingness to pay. Our functional findings support this hypothesis. Taken together, our data thus suggest that the right TPJ is important at the structural-anatomical level for subjects' baseline propensity to behave altruistically, while the concrete extent of an individual's functional TPJ activation is dependent on the context, i.e., on the relationship between the individual's maximum willingness to pay for an altruistic act and the cost of the altruistic act.
Previous functional imaging studies have shown that the right posterior superior temporal cortex (pSTC) is activated during perspective-taking tasks and charitable donation tasks. Hare et al. have shown, for example, that higher activation in this region during decisions on charitable donations reflects the correlation between the subjects' ratings of charities' deservingness and the subjects' actual donation to the charities . Tankersley et al. have shown that the right pSTC is more activated if subjects passively observe the outcome of an event that triggers money transfers to a charity compared to when they themselves make decisions that have positive monetary consequences for the charity; in addition, this pSTC activation also predicts questionnaire measures of subjects' altruism (Tankersley et al., 2007) . These studies, however, do not examine how individual differences in (task-independent) brain structure are related to subjects' behaviorally expressed preferences for altruism; therefore, they do not establish a link between individual differences in brain structure and the individual-specific conditions for the functional activation of TPJ in the altruism task.
In addition to the TPJ, previous imaging studies have shown involvement of other brain structures such as the ventromedial Figure 3A ). For visualization purposes, voxels that survive p < 0.001 uncorrected are depicted. (C) Average BOLD signal estimates (and SEM) in the right TPJ as a function of the individual-specific willingness to pay for an altruistic act. We find an inverted U-shaped activity profile around w.
prefrontal cortex (vmPFC) and ventral or dorsal striatum in altruistic behavior (de Quervain et al., 2004; Krajbich et al., 2009; Krueger et al., 2007; Moll et al., 2006; Tricomi et al., 2010) . However, in contrast to the TPJ, these latter areas are routinely found to be involved in nonsocial types of decision making such as reward-seeking behavior, intertemporal decision making, risk taking, and purchasing behavior (Kable and Glimcher, 2007; Kepecs et al., 2008; Knutson et al., 2007; Kuhnen and Knutson, 2005; Padoa-Schioppa and Assad, 2006; Plassmann et al., 2007; Rangel and Hare, 2010; Samejima et al., 2005) . Activity in the vmPFC and ventral striatum thus seems to relate to domain-general processes important for many different types of decisions. We thus did not predict these brain areas to be as specific for altruistic decisions as the TPJ with its well-documented role in social cognitive processes such as perspective taking (Decety and Lamm, 2007; Frith and Frith, 2007; Ruby and Decety, 2001; Saxe and Kanwisher, 2003; Young et al., 2010) . Beyond the understanding of the role of the right TPJ in altruistic behavior, our results demonstrate a biological link between inter-and within-individual behavioral variability. Brain structure-in terms of GM volume in a particular brain regionaccounts for interindividual variability in subjects' baseline behavioral properties. In addition, the same brain structure also accounts for within-individual variations in behavior dependent on the specific context (which, in our case, is given by the cost of the altruistic act). It is worthwhile to point out that we established this link between inter-and within-individual variability using the estimation of a mathematical model of preferences that captures both the between-subject differences in preferences and the within-subject responses to cost variations. A similar research strategy might also be productively applied to bridge the gap between brain structure and brain function in other behavioral domains.
EXPERIMENTAL PROCEDURES Subjects
Thirty normal healthy adults (17 females; 19-37 years; mean 23.36 years) participated in this study. All subjects gave written informed consent. The study was approved by the ethics committee of the Canton of Zurich. One subject was excluded due to very inconsistent behavior, making the estimation of preference parameters impossible for this subject.
Behavioral Task and Model
We implemented two types of games, dictator games and reciprocity games. Subjects in the dictator game (player A) were asked to choose one option from two possible allocations of money, option X and option Y ( Figure 1A) . The reciprocity games allow us to measure preferences for positive and negative reciprocity (Figures 1B and 1C ; for details of the task, see Supplemental Experimental Procedures). We applied a model of social preferences in order to estimate each individual's preferences for altruistic acts. Formally, the model can be represented by the following equation:
UAðPA; P B Þ = ð1 À br À as À+ dvÞP A + ðbr + as +À dvÞP B where U A denotes player A's utility, P A represents player A's monetary payoff, and P B denotes player B's monetary payoff. b and a are parameters that measure the preference for altruistic acts in the domain of advantageous and disadvantageous situations, respectively. A positive value of q means that the subject has a preference for positive reciprocity, while a positive value of d represents a preference for negative reciprocity. The symbols r, s, q, and v are binary variables that take on the value 1 or 0, depending on the situation in which players A and B are. In particular, the following holds for r, s, q, and r: r = 1 if P A > P B , and r = 0 otherwise (advantageous inequality); s = 1 if P A < P B , and s = 0 otherwise (disadvantageous inequality); q = 1 if player B behaved altruistically toward A and q = 0 otherwise (positive reciprocity); v = 1 if player B behaved selfishly toward A and v = 0 otherwise (negative reciprocity).
Details of the behavioral model are described in the Supplemental Experimental Procedures.
Image Acquisition and MRI Data Analysis
We used the Philips Intera whole-body MR Scanner (Philips Medical Systems) at the SNS laboratory of the University of Zurich, equipped with an 8-channel Philips SENSitivity Encoded (SENSE) head coil. High-resolution structural T1-weighted 3D-TFE (3D-turbo fast echo) images (TR = 7.5 s; TE = 3.5 ms; FA = 8 deg; FOV 250 3 250 mm; voxel size 1.04 3 1.04 3 0.6 mm; 301 sagital slices) were acquired for each participant. The functional images sensitive to blood-oxygen level-dependent (BOLD) contrasts were acquired by T2*-weighted echo-planar imaging (TR = 1.45 s; TE = 30 ms; inplane resolution of 3 mm in 64 3 64 matrix; 28 slices; slice thickness of 3 mm; 1.5 mm interslice gap). We used SPM8 (http://www.fil.ion.ucl.ac.uk/spm) for MRI data preprocessing and analysis. Details of the MRI data analysis are described in the Supplemental Experimental Procedures.
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